The reduction behavior, phase transformation and microstructure evolution of four ferric oxide-biochar composite pellets (RLC-pellet, PHC-pellet, MCC-pellet and PSC-pellet) were investigated by use of nonisothermal thermogravimetric, X-Ray diffraction (XRD) and Scanning electron microscopy (SEM) analysis. The apparent kinetic parameters of reduction process were estimated by fitting the experimental data to the three parallel nth order rate models. The results showed that ferric oxide-biochar composite pellet reduction process was divided into three stages of Fe 2 O 3 →Fe 3 O 4 , Fe 3 O 4 →FeO and FeO→Fe, where the first stage was independent to the next two stages. The sequence of reduction reactivity as to all samples was MCC-pellet > PHC-pellet > PSC-pellet > RLC-pellet. Meanwhile, increasing heating rate could efficiently improve the reduction reactivity. Through kinetic analysis, it was found that three parallel nth order rate models could well represent reduction process, and activation energies of three stages calculated by the model were 204.9-405.5 kJ/mol, 259.6-643.8 kJ/mol and 291.5-685.8 kJ/mol, respectively. The marked compensation effect was also presented between the activation energy and pre-exponential factor.
Introduction
Great achievements in economic construction have been made in China for nearly 40 years, while energy consumption and CO 2 emission also significantly increased. It is well known that the energy consumption of iron and steel enterprises in China accounted for about 16% of the total national industries and the CO 2 emission accounted for about 15% of the total carbon emission. 1, 2) Moreover, the energy consumption and pollutant discharge in the ironmaking process accounted for above 70% of the whole iron and steel industry.
3) This was due to amounts of disadvantages in traditional blast furnace ironmaking process, such as long procedure, large investments, high energy consumption and pollution discharge. Biological resources abundant in an agricultural country have been considered as a potential and sustainable clean energy. It has been reported that China had over 700 million tons of straw biomass production each year, equivalent to 350 million tons of standard coal. 4) If rationally utilized, it will significantly reduce the energy consumption and CO 2 emission of fossil fuels in ironmaking process. In addition, it can resolve some pollution problems caused by straw burning in farmland every autumn.
At present, a wide range of researches on applying biomass resources to blast furnace ironmaking were expanded all over the world. In the early 1990s, Cheng et al. 5) studied
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Guangwei WANG, 1) Jianliang ZHANG, 1) * Guohua ZHANG, 2) Haiyang WANG 1) and Di ZHAO 1) on replacement of coke breeze in iron ore sinter process by charcoal with a laboratory scale. The huge economic environment benefits of straw biomass in replace of coal injection into blast furnace have been investigated by Xiong et al. 6) Wang et al. 7) have researched combustion reactivity of a mixture (biomass and coal), and the results showed that biomass had catalytic effects on the combustion of coal. The industrial scale test of charcoal injection into blast furnace also has been done by Brazil, German and Spain researchers. 8) The experiment and calculation results showed that conversion efficiency of all charcoals was better than that of coals, but coke rate, productivity and operation parameters were depended on ash content and composition of charcoal. Furthermore, charcoal in the ironmaking industry was also viewed as a potential additive to a coking coal blend in the production of metallurgical coke to reduce CO 2 emissions and create cost savings. [9] [10] [11] [12] Matsura et al. 9, 10) have made experimental attempts that various particle sizes of charcoal were introduced into coking coal to study the influence of particle size on quality of metallurgical cokes. The results showed that there was a relationship between coke strength and charcoal particle size, and the addition of biomass with densification pre-treatment should be kept to a low level, i.e. below 2 wt.%. MacPhee et al. 11) found a sharp drop in coke strength with charcoal additions of 2-10 wt.% to coal blends, but an increase in the particle size of charcoal had a dramatic improvement on coke quality produced with 5-10 wt.% additions. Additionally, Ueki et al. 12) have investigated the effect of adding woody biomass on coke properties and put forward a method of improving the influence of woody biomass addition on coke properties.
However, metallurgical coke in the blast furnace ironmaking technology was used to provide the required energy supply, i.e., melting the sinter, pellet and lump ore. Both coking and sintering at the front end of the conventional blast furnace ironmaking process are considered as cost in new process construction and consistently cause environmental concerns. The direct reduction ironmaking (DRI) process contains the direct carbothermic reduction of iron oxide. [13] [14] [15] [16] This process provides an advanced utilization opportunity for the high volatile coals as well as biomass materials. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Gupta et al. 17) have investigated the behavior of water hyacinth char addition in iron ore pellet. The results shown that the biomass char could be a potential for making iron ore pellet. Tian 18) carried out initial research on reduction of iron ores by biomass and believed that products prepared in addition of biomass were completely accordance with the requirements of DRI. Konishi et al. [19] [20] [21] [22] investigated the pellets containing biochar can reduce the use of carbonaceous reductant and cut CO 2 emission. Hayashi et al. 23) compared different carbothermic reductions of hematite and magnetite powders under the condition of microwave heating and analyzed different procedures. Rashid et al. 24) investigated the utilization of low grade iron ore and palm kernel shell (PKS) waste biomass as an alternative energy source in ironmaking. The results showed that iron oxide in iron ore could be fully reduced to magnetite and partially to wustite when up to 30 wt.% of PKS was present in the mixture. Luo et al. 25, 26) studied the reduction of iron ore-biomass composite pellets using biomass syngas, and the effects of preheating, reduction temperature and the pellet size on quality of DRI have been obtained. Ueki et al. 27) investigated the reaction behavior during heating biomass materials and iron oxide composites. It showed that reducing gases such as CO and H 2 were generated by thermal decomposition of woody powder sample, and the woody powder could be used as a reducing agent.
From the above analysis, it can be seen that biomass resources can potentially be used in blast furnace ironmaking technology or direct reduction ironmaking process. Meanwhile, it can be seen that extensive works have focused on the process condition, energy saving and reducing consumption. But few studies on the reduction kinetics of composite pellets were found. However, determining the kinetic parameters is the key on studying reaction characteristics of materials and container parameters, 28, 29) thus there would be an urgent need to go on detailed research on dynamic process of biomass composite pellets reduction. Currently, the most common method is thermogravimetric analysis including isothermal and non-isothermal methods, and the former focuses on the overall reactivity while the latter on changes of reactivity during reaction. Compared to isothermal method, non-isothermal one has advantages such as less amount of experiment, shorter operation cycles and more information. 30) Besides, reduction temperature tended to be varied in practical production, so non-isothermal thermogravimetric analysis method is of much significance when studying on reduction of composite pellets.
In the present study, ferric oxide-biochar composite pellets are manufactured by use of cold isostatic press. The effects of char type and heating rate on reduction rate of composite pellets are investigated experimentally by use of non-isothermal thermogravimetric method. The pellets composition and structure after reduction are observed by use of X-Ray diffraction (XRD) and scanning electron microscope (SEM). At the same time, a multi-stage three parallel nth order rate model has been developed to determine kinetic parameters. It is anticipated that this study will be useful in understanding reduction process of ferric oxide-biochar composite pellets and generate the information required for design and operation of the reduction furnace.
Materials and Experiments

Materials
The content of ferric oxide raw material in this study is higher than 99.9% supplied by Sinopharm Chemical Reagent Co., China. Impurities are essentially traces of Ca 2 + , Mg 2 + , Cl − and SO 4 2 − . Total surface area of the material is 3.9 m 2 /g, which corresponds to particle size of 0.5 μm. Four kinds of biomass including rice lemma (RL), peanut hull (PH), maize cob (MC) and pine sawdust (PS) were collected from Henan province in China. Firstly, biomass samples were processed and their particle sizes were distributed between 0.1 mm and 0.5 mm. Then samples were devolatilized in a fixed bed reactor under a flowing nitrogen atmosphere at the temperature of 1 373 K for 90 min to ensure complete pyrolysis. And the obtained chars were ground into fine powders using a mortar and pestle. The proximate and ultimate analysis of biomass materials and biochars were conducted according to the Chinese standard GB/T 212-2001 and GB/T 476-2001, respectively. The results are shown in Table 1 .
A mixture of fixed carbon in biochar and oxygen in ferric oxide at a mole ratio of 1:1.1 was used in this study. Biochar and ferric oxide were grinded for 10 min to make them mixed sufficiently. The ferric oxide-biochar composite pellets were prepared by the 4 mm in diameter and 4 mm high cylindrical belt-type tools, and pressure was 1.0-1.2 MPa. Then specimens were dried in drying vessel in order to use for the subsequent reduction experiments. Four kinds of experimental samples were named by RLC-pellet, PHCpellet, MCC-pellet and PSC-pellet, respectively. Different analytical techniques were used to determine the phase transformation and structural changes of composite pellet reduction process. The phase compositions of the raw material and those in reduction process were measured by X-Ray diffraction (XRD) analysis. X-ray diffraction analysis carried Rigaku SmartLab diffractometer with a Cu Kα radiation source (d = 0.1541 nm). Spectra were recorded in the 2θ range of 10-90° with a scanning speed of 0.3°/min. The morphologies of raw material and reduction process materials were observed by using Scanning electron microscope (SEM) (FEI Quanta-450) at the conditions of a 15 kV voltage and amplified 5 000 times.
Reduction Experiments
The reduction experiments of composite pellets were carried out by use of a thermogravimetric analyzer (HCT-3, Henven Scientific Instrument Factory, Beijing) at atmospheric pressure. The sample was placed in a circular crucible with height of 6 mm and diameter of 6 mm. A thermocouple was located close to the platinum basket to monitor the temperature. In this work, all the tests were performed under non-isothermal conditions from room temperature to 1 473 K with heating rates of 2 K/min, 4 K/ min, 8 K/min and 16 K/min, respectively. The preliminary experiments showed that the reduction rate of composite pellets would not be subjected to gas flow when nitrogen gas flow rate is over 80 ml/min. Therefore, the nitrogen gas flow rate of 100 ml/min was chosen in this work. Then the pellet was put into nitrogen atmosphere to avoid second oxidation. It was important to ensure that the experimental results had good reproducibility, so each run was repeated at least for three times before a final result was ascertained. The weight loss and reaction rate of the samples were represented as a function of temperature.
The total weight loss of ferric oxide-biochar composite pellet was kept for constant when ferric oxide had been utterly reduced to iron. Thus, the composite pellet reduction conversion was calculated by weight loss of ferric oxidebiochar composite pellet in this work. 31, 32) The reduction conversion (x) was calculated using the following equation: (1) where m 0 denotes the composite pellet mass at the start of reduction, m t is the composite pellet mass at reduction time of t, m ∞ is the final mass of composite pellet in the reaction.
Characterization of Composite Pellet Reduction
The results of thermogravimetric analysis during the RLCpellet reduction process taking heating rate of 4 K/min as an example are shown in Fig. 1 . The reduction process consisted of three stages: the first stage happened in 912.3-1 015.5 K; the second stage happened in 1 015.5-1 196.3 K; the third stage happened in 1 196.3-1 372.5 K. To quantitatively characterize the variation of initial weight loss temperature, peak reaction rate temperature and total weight loss temperature during the heating process, T i , T max − 1 , T max − 2 , T max − 3 , T f and t were defined in this paper according to combustion characteristic definition in literatures, 33, 34) wherein T i and T f were initial weight loss temperature and total weight loss temperature of reduction reaction, respectively; T max − 1 , T max − 2 , and T max − 3 represent for peak temperature of reaction rate in three stages, respectively; t r stands for reaction time from T i to T f ; dx/dt max − 1 , dx/dt max − 2 and dx/dt max − 3 stand for reaction rate peak values in three stages, respectively; C 1 , C 2 and C 3 are defined as reactivity index in three stages divided by reaction process to evaluate the reaction ability of ferric oxide-biochar composite pellet in initial period of different stages. At the same time, comprehensive reduction index S was defined to evaluate the comprehensive reactivity of ferric oxide-biochar composite pellet in the reduction process. The value of S is calculated by the equation as follow:
where dx/dt mean represents mean value for reduction rate. Figure 2 shows the conversion curves and reaction rate curves for heating rates of 2 K/min, 4 K/min, 8 K/min and 16 K/min, respectively. The reaction rate curves indicate the presence of three peaks at all the heating rates and their shapes are different. The first peak exists along, but the next two peaks partially overlap. To quantitatively characterize reactivity differences of composite pellets, all characteristic parameters defined in chapter 2.3 were calculated and the results were shown in Table 2 . It could be summarized that T i of PSC-pellet was the highest, followed by RLC-pellet, MCC-pellet and PHC-pellet; T f of all pellets were ranked as from high to low: RLC-pellet, PSC-pellet, PHC-pellet and MCC-pellet. Reactivity index of three stages varied with reaction rate peak value and the corresponding temperature. In the first stage, the sequence of reaction rate at the same heating rate was PSC-pellet > MCC-pellet > PHC-pellet > RLC-pellet but T max − 1 of MCC-pellet was the smallest, causing that the sequence of C 1 was MCC-pellet > PSCpellet > PHC-pellet > RLC-pellet. In the second stage, the sequence of C 2 was PHC-pellet > PSC-pellet > MCC-pellet > RLC-pellet. In the third stage, the sequence of C 3 was MCC-pellet > PSC-pellet > PHC-pellet > RLC-pellet. The sequence of S value and the reduction time (from short to long) at the same heating rate was MCC-pellet , PHC-pellet, PSC-pellet, RLC-pellet. It is well known that as to a reaction process at the temperature programmed condition, low initial weight loss temperature, rapid reaction rate and low total weight loss temperature would accelerate reaction process. This indicates high reduction reactivity of composite pellet. However, for these four composite pellets, there is no obvious relation between reduction reactivity with T i , T f , T max − 1 , T max − 2 or T max − 3 , which means reduction reactivity could not be represented only through single parameter. In this study, the reactivity index C and comprehensive reduction index S are used to represent reduction reactivity of different composite pellets. The values of C in the same stage for different samples are diverse indicating complex reaction process, however, values of S show reduction reactivity through all the stages. Therefore, by comparing the value of S, the reduction reactivity of four composite pellets can be ranked as MCC-pellet > PHC-pellet > PSC-pellet > RLC-pellet. It was also found in the Fig. 2 that conversion curves and reaction rate curves of ferric oxide-biochar composite pellet moved into the high temperature zone with increase of heating rates. On one hand, rapid heating rate makes individual reaction not to have enough time to complete or equilibrium and accordingly adjacent higher temperature reactions are overlapped. On the other hand, it is mainly attributed to temperature gradient throughout the cross-section of the sample at high heating rate, which inhibits heat transfer. This phenomenon has also occurred in the combustion and gasification reaction of biomass and coal. [35] [36] [37] In addition, it could be seen from Table 2 that reaction rate increased and reaction time was shortened with the increasing of heating rate. The temperature was rising fast at high heating rate, so the reduction of composite pellets will be finished in a short time. The comprehensive reduction index S of different composite pellets increased with the increasing of heating rate. The S value of PHC-pellet was increased from 1.13E-13 to 4.41E-13 and reaction time was shortened from 185.4 min to 39.3 min when heating rate increased from 2 K/min to 16 K/min, which suggests that reactivity of composite pellets was improved. In conclusion, it could be ascertained that reduction process of composite pellet can be divided into three stages and reduction properties biochar obviously depended on biochar categories. Besides, the reduction properties of composite pellet are improved with increasing heating rate. However, only through analysis of conversion and reaction rate curves failed to disclose reaction mechanism of composite pellets reduction process. Therefore, in this study the reaction process segmentation method was applied to explore phase transformation and microstructure evolution during the composite pellets reduction process combining with X-Ray diffraction analysis and Scanning electron microscope analysis.
Results and Discussion
Thermogravimetric Characteristics of Different Composite Pellets
Phase Transformation Analysis during Reduction
It is known from Fig. 2 that conversion curves and reaction rate curves of ferric oxide-biochar composite pellets were basically similar. Therefore, phase transformation and microstructure evolution of RLC-pellet were analyzed by reaction process segmentation method to explore phase transformation and microstructure evolution. The raw material and the product from conversion 15%, 30%, 45%, 60%, 75% and 100% were crushed and further analyzed. XRD analysis was used to identify the formed phases. The results were shown in Fig. 3 . It could be found that the raw material was mainly composed of hematite (Fe 2 O 3 ) from the mineral phase composition. When conversion reached 15%, Fe 2 O 3 disappeared while the weight of magnetite (Fe 3 O 4 ) increased significantly. Additionally, wustitie (FeO) appeared. At the same time, it could be found that the weight loss in the first stage was about 12% of the total in Fig. 2 
Microstructure Analysis during Reduction
Scanning electron microscope technique was conducted to observe microstructure evolution of raw material and the used samples, and the SEM analysis of RLC-pellet at different conversion ranging from 0% to 100% with the heating rate of 4 K/min were shown in Fig. 4 . There were amounts of large biochar particles in composite pellets. Besides, most of Fe 2 O 3 fine powders were absorbed into holes in the surface of biochar, a few into cracks of biochar and the rest scattered in the view, which resulted from separation when the composite pellet crushed. As temperature increasing, the carbon in biochar reacted with Fe 2 O 3 , particle size of biochar became smaller and iron oxide powders were converged, even after mechanical force crushing no scattered iron oxide particles existed. Also, the surface of biochar was covered by reduction products, which could break the contact between iron oxide and biochar particles. Therefore, after the reduction proceeded for a certain time, the direct reduction caused by the contact between the iron oxide and the biochar particles was not liable to take place. The indirect reduction and biochar gasification were ratedetermining steps of the whole reduction procedure. As temperature was further increased, the melting point of iron solid solution could be reduced by the carburization reaction between metallic Fe particles and carbon in biochar. The convergence effect of iron can be seen in Fig. 4 . Up to now, the reduction process of composite pellet has been completed. The above analysis showed that reduction process of composite pellet was mainly Fe 2 O 3 →Fe 3 O 4 →FeO→Fe, and the direct contract region between iron oxide and biochar was rapidly shrank as the reaction progress. Carbon gasification and iron oxide indirect reduction were dominant in the reduction process.
39)
Reduction Kinetic and Model
According to analysis of three previous chapters, reduction between ferric oxide and biochar composite pellet contained three stages: Fe 2 O 3 →Fe 3 O 4 , Fe 3 O 4 →FeO and FeO→Fe. And all of these reaction can be classified as (7) are much faster than direct reduction reactions (6) in the present of CO, the reduction of iron oxide was mainly composed of indirect reduction. In this work, reductions of composite pellet are assumed to contain three parallel reactions which occur simultaneously as Fe 2 O 3 →Fe 3 O 4 , Fe 3 O 4 →FeO and FeO→Fe. In the non-isothermal tests, sample mass is measured as a function of temperature. The rate of conversion,
, is the linear function of a temperature-dependent rate constant, k(P g ,T ), and the temperature-independent function, f (x). Therefore, the reduction equation of ferric oxidebiochar composite pellet can be expressed as follows:
where x i is the conversion degree of pseudocomponent i, t is time, k i (P g ,T ) denotes apparent reaction rate constant of pseudocomponent i, which includes the effect of reaction temperature T and partial pressure in the gas phase P g , f (x i ) is kinetics mechanism function in reduction reaction. If the partial pressure in the gas phase remains constant during the process, the apparent reaction rate constant is dependent on the temperature and can be expressed using the Arrhenius equation, which is written as: (11) where n i is the reaction order. Inserting the Eqs. (10) and (11) in Eq. (9), we obtain the kinetic equation in the following form: Due to the existence of three stages during the reduction, three-parallel reaction model was applied to describe the composite pellet reduction process. In the threeparallel reaction model, it's assumed that Fe 2 O 3 →Fe 3 O 4 , Fe 3 O 4 →FeO and FeO→Fe proceed simultaneously, thus the global reduction reaction behavior reflects the individual behavior of these pseudo components. It is further assumed that the reduction reaction kinetics of each component can be described by the powder model. Then the overall rate of ferric oxide-biochar composite pellet reduction reaction can be expressed as follows: The unknown parameters of the model were determined by evaluating the experimental derivative reaction rate data using least squares nonlinear methods. Therefore, the objective function (O.F.) based on the reaction rate data was defined by the following equation:
........ (14) where the subscript m refers to the data points used, M is the number of data points,
represents the experimental values at the heating rate n (n = 1 represents 2 K/min, n = 2 represents 4 K/min, n = 3 represents 8 K/min and n = 4 represents 16 K/min), and
represents those calculated by Eq. (13) for a given set of parameters.
Kinetic Parameters Analysis
The reaction rate curves of four biochar composite pellets with ferrous oxide were fitted to the kinetic model that three independent parallel reactions were considered (Fe 2 O 3 →Fe 3 O 4 , Fe 3 O 4 →FeO and FeO→Fe) in the method described in chapter 3.4. The results in Table 3 were also observed in the study on iron oxide reduction by hydrogen. 40) The reaction of Fe 2 O 3 →Fe 3 O 4 would take place at low temperature and CO partial pressure by equilibrium diagram of iron oxide reduced by CO. When the temperature is higher than 804 K, the reaction of Fe 2 O 3 reduced to Fe 3 O 4 was very fast and seriously influenced by external mass transfer. As shown in Fig. 2 , the increase of the overall reaction rate is not significant with increasing the reaction temperature, and the activation energy is small. Lattice form had been changed from trigonal system six square lattice to isometric crystal system cubic lattice when hematite was reduced into magnetite. Volume was expanded to 11% because of Lattice distortion, resulting in great internal stress and dense reducing matter layer. This would further affect reduction reactivity of Fe 3 O 4 →FeO and increase activation energies. The molecule volume of Fe was smaller than that of FeO. When the reaction of FeO→Fe occurred, the volume shrinkage made the product layer become loose again. The aggregation and growth of metallic Fe caused great numbers of minute openings. Improving reducing gas diffusion in the product layer and enlarging areas of reaction interface can accelerate the reduction reaction process. The activation energies of FeO→Fe would be decreased.
To intuitively evaluate the accuracy of model calculation, kinetic parameters in Table 3 →FeO and black line for whole reduction process) and the dots represent for experimental data. It could be found that for PHC-pellet there are good accordance between calculation and experimental data, which means good adaptability of model studying reduction process of PHC-pellet. From Fig. 5 , the reaction rate first increases with increasing the temperature and after the peak value it will decrease. There exist three reduction rate peak values in the whole process. By the analysis of three stages, it could be known that the first and third peak value could represent for characteristic value of Fe 2 4 and FeO in XRD analysis. It could be also found that reaction rate curves of three stages were removed to high temperature area with the increase of heating rates. The initial reduction temperature of three stages were increased from 804 K, 961 K and 1 006 K to 841 K, 1 020 K and 1 068 K when heating rates were increased from 2 K/min to 16 K/min.
In addition, calculated value and experimental results of different composite pellets reduction process with the heating rate of 8 K/min are also represented in Fig. 6 . It can be seen that there is good linear relationship, suggesting that the model referred in this paper have good application for different ferric oxide reduction composite pellets. By comparison, activation energy of RLC-pellet is the smallest but that of PSC-pellet is the largest. The order of activation energies for different composite pellets is different with the reactivity order of composite pellets in Table 3 . From Arrhenius formula, it is known that reaction rate constant is related with activation energy and pre-exponential factor. It is common seen from Arrhenius formula that the larger preexponential factor and the lower value of activation energy, the faster reaction rate will be. The phenomenon, preexponential factor increases with the increase of activation energy, was commonly referred as kinetic compensation effect. In this study, a marked compensation effect was also presented in the reduction reaction of different composite pellets, as shown in Fig. 7 . It can be seen that there is an obvious linear relation between ln(A) and E. The kinetic compensation effect was a widely phenomenon not only in the fields of science, notably heterogeneous catalysis 41, 42) but also in chemistry. 43, 44) Previous studies believed that kinetic compensation effect was resulted from pure mathematics treatment by the use of Arrhenius formula of free energy, 45) but many theories were developed to explain this effect in follow-up studies. Sosnovski 46) has considered that two kinds of materials which have different activation energies could be used to explain this phenomenon. Galwey et al. 47) have suggested that compensation effect was related to the surface heterogeneity. Ypi et al. 48) have reported that the kinetic compensation effect is a result of the selective reduction of carbon materials with heterogeneous carbon structures. In this study, composite pellets reduction included that carbon gasification, iron oxide reduction and so on. Various factors, such as gasification of carbon material, reduction of iron oxides and diffusion of gaseous production, would influence the apparent activation energy of composite pellets reduction process. Moreover, the reduction of composite pellets could include a serious of intermediate steps, such as external diffusion, diffusion within the layer, chemical reaction and surface penetration, and complex physical structure changes. All of these phenomena could be resulted from the kinetic compensation effect in the reduction process of composite pellets. The kinetic compensation effect, on one hand, indicates the complexity of composite pellets reduction and more researches needed to carry on; on the other hand, it also proves the validity of the three parallel nth order rate model describing complicated reduction process.
Conclusions
The reduction property, phase transformation and microstructure evolution of ferric oxide-biochar composite pellets were investigated in this study by use of thermogravetric, XRD and SEM analysis. Results showed that ferric oxidebiochar composite pellets were gradually reduced by the sequence of Fe 2 O 3 →Fe 3 O 4 →FeO→Fe, in which carbon gasification and indirect reduction of iron oxides were dominant in the reaction process. The reduction reactivity of different composite pellets in each stage varied and on the whole that of MCC-pellets was best, while RLC-pellets was worst. Besides, high heating rate could promote reduction reactivity. A new kinetic model of three reduction stages was proposed and kinetic parameters were calculated. The kinetic compensation phenomenon was existed in the reduction process.
